Numerous studies have shown that internal nitrogen (N) translocation in temperate tree species is governed by photoperiod duration and temperature. For tropical tree species, the seasonality of rainfall is known to affect growth and foliage production, suggesting that efficient internal N recycling also occurs throughout the year. We tested this hypothesis by comparing the N budgets and N partitioning (non-structural vs structural N) in the different organs of 7-year-old Eucalyptus urophylla (S.T. Blake) × E. grandis (W. Hill ex Maiden) trees from a plantation in coastal Congo on poor sandy soil. The trees were sampled at the end of the dry season and late in the rainy season. Lower N concentrations and N investment in the non-structural fraction were observed in leaves during the dry season, which indicates resorption of non-structural N from senescing leaves. Stem wood, which contributes to about 60% of the total biomass of the trees, accumulated high amounts of non-structural N at the end of the dry season, most of which was remobilized during the following rainy season. These results support the hypothesis of efficient internal N recycling, which may be an important determinant for the growth potential of eucalypts on N-poor soils. Harvesting trees late in the rainy season when stem wood is depleted in non-structural N should be recommended to limit the export of nutrients off-site and to improve the sustainability of tropical eucalypt plantations.
Introduction
Nitrogen (N) in trees can be partitioned into structural and nonstructural N pools. Structural N is non-labile and mainly found in cell-wall proteins, whereas non-structural N is a constituent of ions and organic N compounds (proteins, amino compounds, chlorophylls, alkaloids, nucleic acids, etc.) that are essential to plant metabolism. Nitrogen is taken up either from soil solution (both mineral and organic forms), from soil air through biological N fixation for N fixing plants or from atmospheric N deposition through leaves (Aerts and Chapin 1999) . It is also internally recycled. The internal cycling of N involves seasonal N recycling from senescing tissues (leaves, fine roots) for storage and seasonal N remobilization from storage pools via N translocation for growth of new sinks (Chapin et al. 1990 , Millard 1996 , Millard and Grelet 2010 . Non-structural N compounds are involved in internal N cycling, both for N transport between organs and for N storage (Dickson 1989 , Chapin et al. 1990 , Staswick 1994 .
Internal N cycling has been extensively studied in temperate deciduous and evergreen tree species, and was shown to be closely linked to phenological events during annual growth cycles. In deciduous species, the amount of N stored in woody tissues is low throughout the leafy season and N starts to accumulate in autumn with the onset of leaf senescence (Millard 1996) . Nitrogen is stored over winter, and then stored N is remobilized at budburst. Bud removal experiments have demonstrated that N remobilization is driven by the size of the storage pool (source-driven), not by sink strength (Lehtilä et al. 2000 , Millard et al. 2001 , Millett et al. 2005 . Nitrogen remobilized from storage accounts for between 20 and 90% of the N incorporated into the new shoots, the remainder coming from root N uptake (see Millard and Grelet 2010 for review) . Labelling experiments using 15 N have shown, for a range of species, that N remobilization occurs before N uptake by roots in sycamore seedlings (Millard and Proe 1991) , pear trees (Tagliavini et al. 1997) , apple trees (Guak et al. 2003) and mature oak trees (El Zein et al. 2011 ), for example, or occurs concurrently with N uptake, like in silver birch (Millard et al. 2001) .
In evergreen coniferous species, N stored over winter in roots and in the previous year's needles sustains the spring growth of the new needles (Millard and Proe 1992) . Photosynthetic proteins, especially Rubisco, play a major role in storing N in the foliage of coniferous evergreen trees (Camm 1993 , Warren and Adams 2001 , Warren et al. 2003 , Millard et al. 2007 . Internal N recycling is not restricted to seasonal growth cessation but also occurs during growth to fulfil growth requirement (Nambiar and Fife 1991) . For temperate evergreen eucalypt species such as Eucalyptus globulus, which grow and produce foliage continuously, N is recycled from old to new leaves (Pereira et al. 1988 , Wendler et al. 1995 , Saur et al. 2000 , Fife et al. 2008 ). By contrast, little is known about the internal N cycling in eucalypt species growing in tropical areas where the seasonality of rainfall affects growth and foliage production. Schmidt and Stewart (1998) reported that during the dry season, arginine was found to be the main component in the xylem sap of Australian Eucalyptus alba, Eucalyptus tetrodonta and Eucalyptus miniata, whereas in the wet season, amides increased markedly. This was interpreted as a switch between N remobilization in the dry season and root uptake of N during the wet season.
Tropical eucalypt plantations growing on low-fertility soils are able to produce large amounts of biomass , Gonçalves et al. 2013 ). In the Congo, the successful establishment of eucalypt plantations on nutrient-poor ferralic arenosols was achieved because of the trees' efficient internal recycling of nutrients (Laclau et al. 2003) . During the juvenile phase, the uptake of soil nutrients supplies most of the tree's requirements, whereas upon canopy closure, nutrients are intensively recycled through litterfall and remobilization from senescing organs. At the stand level, internal N recycling was estimated to supply about 30% of a tree's annual N requirements (Laclau et al. 2003) .
While the previous study was based on the annual increment of N content in the tree biomass and the amount of N returning to the soil through litterfall and leaching over a full rotation, the aim of the present study is to examine the variations in the amount of N in the tree during two contrasting seasons, at the end of the rotation when internal recycling is at its maximum. We compared tree N budgets and N partitioning (non-structural vs structural N) in the leaves, branches, stem bark, stem wood and roots of 7-year-old Eucalyptus urophylla (S.T. Blake) × E. grandis (W. Hill ex Maiden) trees at the end of the dry season and late in the rainy season. We hypothesized (i) that the amount of N in the foliage would be lower at the end of the dry season than in the rainy season because leaf N concentrations would decrease with leaf senescence and total foliage biomass would decrease due to an imbalance between leaf production and leaf fall, and (ii) that the partitioning of total N to non-structural N would be higher in perennial organs in the dry season than in the rainy season. A better understanding of the seasonality of internal N cycling would be relevant for correctly timing tree harvest to retain N on site as much as possible.
Materials and methods

Study site and experimental design
The study site is located near the city of Pointe-Noire in the Congo (4°44′ S, 12°01′ E, elevation: 100 m) on a deep Ferralic Arenosol lying on a geological bedrock composed of thick detritic layers of continental origin dating back to the Plio-Pleistocene (Mareschal et al. 2011) . Clay, silt and sand contents are respectively 3, 5 and 92% ). The subequatorial climate is characterized by high and rather stable annual air humidity (85%) and temperature (25.7°C). The annual precipitation averaged 1430 mm from January 2004 to December 2011, with a pronounced dry season each year from June to September.
The experimental stand was first afforested with eucalypt hybrids in 1984 on a former savannah. For the latest 7-year rotation, the E. urophylla × E. grandis hybrid clone UG18-52 was planted in 2004 at a stocking density of 800 trees ha −1 and fertilized with 150 g of NPK 13:13:21 per tree at planting (Epron et al. 2013 ).
Destructive measurements for N analyses
Destructive sampling was carried out on five permanent plots of 100 trees at the end of the dry season (22-23 September 2010) and late in the rainy season (20-22 April 2011). Tree height and circumference at 1.3 m were measured in September 2010 on 36 trees per plot. At each sampling date, six trees were randomly selected in six basal area classes defined from the forest inventory to be representative of the frequency distribution of tree basal areas within the five permanent plots. The circumference at 1.3 m of the harvested trees ranged from 31 to 72 cm. Each crown was divided into three equal-length sections with total crown length defined as total tree height minus the height to the base of the crown. Owing to the fast vertical growth of trees, leaves found at the base of the crown were produced several months before those in the upper part of the crown. Together with a low leaf area index, this explains the lack of within-crown vertical variations in specific leaf area (Nouvellon et al. 2010) . We therefore assumed that our sampling strategy implicitly accounts for the developmental status of the leaves. Twenty to 30 leaves were sampled in each crown part (bottom, middle and top leaves). Disk sections (2 cm in thickness) were taken at 8-10 different positions along the stem depending on tree height (0, 1.3, 3, 6, 9, 12, 15, 18, 21 and 24 m) . The stem wood and stem bark of each disk were separated. Five branches were selected at different heights along the stem. These branches were cut into three parts according to their diameter: coarse (>20 mm), medium (5-20 mm) and fine branches (<5 mm). The fine branch section was the part of the branches bearing leaves. Root samples were collected by digging around the stump of each felled tree; they were classified according to their diameter into coarse (>10 mm), medium (2-10 mm) and fine roots (<2 mm). The fresh mass of all the tree compartments was measured in the field. Subsamples were stored in a freezer box in the field until they were transferred to the laboratory where they were stored at −18°C before being freeze-dried, weighed, ground into powder and stored in vials for further analysis.
N analyses
Total N concentration (% of dry mass) in each sample was determined by combustion with an elemental analyser (NCS 2500, ThermoQuest, Milan, Italy). Structural N concentration was obtained using a method adapted from Onoda et al. (2004) and Takashima et al. (2004) and non-structural N concentration was calculated as the weighed difference between total and structural N. Overall, 80 mg of freeze-dried powder were mixed with a methanol/chloroform/ water solution (12/5/3, v/v/v) in a Retsch grinder (Retsch ® , MM 301, Gmbh & Co., Haan, Germany) in order to solubilize the non-structural N fraction. After centrifugation [2000g, 10 min, 15°C; in a Allegra X-22R Centrifuge (Beckman-Coulter, Kansas City, MO)], the supernatant containing non-structural N compounds (free amino acids, nitrates and pigments) was discarded. In order to completely wash the remaining pellet, homogenization and centrifugation were repeated three times. The supernatants were analysed with convenient biochemical methods to verify the sequential removal of the non-structural N compounds: nitrates (Cataldo et al. 1975) , amino acids (Yemm et al. 1955 ) and chlorophylls for green tissues (Arnon 1949, Lichtenthaller and Wellburn 1983) , and we made sure that the third supernatant was free of these non-structural N compounds. The washed pellet was then dried at room temperature and re-suspended in a detergent buffer [62.5 mM citrate in NaOH at pH 6.8 and 2% (v/v) sodium dodecyl sulphate (SDS)]. After centrifugation (10,000g, 15 min, 15°C), the supernatant containing soluble and organelle proteins was discarded. This step was repeated twice. We made sure the last supernatant was free of SDS-soluble proteins (RC DC Protein Assay 500-0119, Bio-Rad Laboratories, Hercules, CA). The final residual pellet, containing structural N compounds, was oven-dried at 40°C and weighed. The N content of this structural fraction was determined with an elemental analyser as mentioned above.
Biomass and non-structural and structural N content
The biomass of all tree compartments except for fine roots was determined for each tree once the dry mass/fresh mass ratio of the subsamples was known. Fine root biomass was estimated at the stand level by sorting live fine roots from 10 cores collected with a root auger (internal diameter of 8 cm) down to a depth of 1 m on two of the five plots. Then, fine root biomass per tree was estimated by multiplying stand-level fine root biomass by tree density.
Non-structural and structural N contents for all the sampled organs were calculated through the product of their biomass and N concentrations. Non-structural and structural N contents were further combined into five main compartments (leaves, branches, stem wood, stem bark and belowground).
Data analyses
Statistical analyses were performed with the R software version 3.2.4 (R Development Core Team 2016). Analyses of variance (ANOVA) were used to estimate the effect of the sampling date on total, non-structural and structural N concentrations for each compartment. For each of the five main compartments, linear regressions between biomass and either non-structural or structural N content were computed for both sampling dates. Analyses of covariance (ANCOVA) were used to compare the two sampling dates.
Results
Nitrogen concentrations
Leaves, in comparison with the other organs, had the highest total N concentrations at both sampling dates (Figure 1 ). Total N varied between 1.0 and 1.5% (based on dry mass); this variation was related to the sampling dates, not to the leaf position in the crown (top, middle or bottom). Nitrogen concentrations in the leaves were significantly higher (+30% on average) in April than in September (Figure 1 and Table 1 ) for all leaf types. The difference in total N concentrations between the rainy and dry seasons was only due to differences in non-structural N concentrations since structural N concentrations were similar in April and in September (0.63% on average across leaf types and season, Figure 1 and Table 1 ).
In all branch types, structural N concentrations were significantly lower in April than in September, but the difference in total N and non-structural N concentrations were only significant for coarse branches (Table 1) .
In the bark from the lower part of the stem (0-12 m high), total N concentrations were significantly lower in April than in September, while stem bark from the higher part of the tree exhibited similar total N concentrations at both sampling dates, except at 21 m. The lower N concentrations between 3 and 12 m coincided with significantly lower non-structural N concentrations in April than in September (Table 1) , but during both sampling dates, structural N represented the greater fraction of total N in bark (Figure 1 ).
In the coarse roots, total N concentrations were significantly lower in April than in September while no difference was observed in medium and fine roots. Lower N concentrations in coarse roots coincided with significantly lower non-structural N Figure 1 . Structural N (dark grey) and non-structural N (light grey) concentrations (in % of dry mass, DM) in the different organs of Eucalyptus urophylla × grandis (clone UG18-52) trees sampled at the end of the dry season (September 2010) and late in the rainy season (April 2011). Horizontal black lines indicate the standard deviation. For a given organ and at each date, the sum of non-structural and structural N concentrations represents total N concentration. FR: fine roots (<2 mm diameter), MR: medium roots (2-10 mm), CR: coarse roots (>10 mm), CB: coarse branches (>20 mm diameter), MB: medium branches (5-20 mm diameter), FB: fine branches (<5 mm), BL: leaves at the bottom of the crown, ML: leaves in the middle part of the crown, TL: leaves at the top of the crown.
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The most pronounced changes in total N concentrations were in stem wood at all heights, with much lower values in April than in September; this coincided with significantly lower non-structural N concentrations. In addition, structural N concentrations were also significantly lower in April than in September at several positions along the stem (Table 1) .
Nitrogen amounts and N partitioning
The amounts of structural and non-structural N (in g per tree) were significantly and linearly related with the corresponding biomass in all aboveground tree compartments, irrespective of sampling date, except for non-structural N in stem wood in April. Belowground, the linear regression with biomass was only significant for structural N in April.
In the leaves, the slopes of the regression line between biomass and structural N did not differ significantly between the two dates (Figure 2A) , whereas the amounts of non-structural N at a given biomass were significantly higher in April (25% of wholetree non-structural N on average) than they were in September (5%). In branches, stem bark and stem wood, the slopes of the regression lines for structural N were significantly different between the two dates, the highest slope being observed in September, indicating that the amounts of structural N at a given biomass were significantly higher in September than in April (Figure 2A ). Sampling date did not significantly influence the amount of non-structural N in branches and stem bark, whereas in stem wood the amounts of non-structural N in stem wood at a given biomass were significantly higher in September (42% of whole-tree non-structural N on average) than in April (7%).
In all the compartments, N partitioning to structural and nonstructural fractions (in % of total N) differed significantly between the two sampling dates ( Figure 2B ). The non-structural fraction of N was significantly higher in September than in April belowground (59 and 50%, respectively), in stem bark (21 and 16%) and in stem wood (59% and 17%). In contrast, the nonstructural fraction of N was significantly lower in September than in April in branches (40 and 57%, respectively) and in leaves (37 and 60%).
Discussion
Despite being an evergreen species, the leaf lifespan of tropical eucalypts is typically less than a year (Laclau et al. 2003 (Laclau et al. , 2009 ). The leaf area index of tropical eucalypt stands typically decreases during the dry season, both because leaf shedding is maximal and because new leaf initiation has not yet resumed (Le Maire et al. 2011) . Leaf lifespan has a strong influence on biomass production in eucalypt trees (Epron et al. 2012) . Efficient N resorption and storage are therefore crucial to minimize N loss with litterfall for fast-growing species with short leaf lifespans, especially those growing in N-poor soil and seasonally dry conditions.
Lower investment of N in the non-structural fraction of leaves during the dry season
The lower leaf N concentrations we found, especially for nonstructural N, in September compared with April, might be related to N translocation from the older leaves during the dry season. This is consistent with previous results for E. globulus seedlings (Wendler et al. 1995) and mature trees (Fife et al. 2008) where Table 1 . Analyses of variance of the effect of the sampling date on total, structural and non-structural N concentrations for each organ of the 7-year-old Eucalyptus urophylla × grandis (clone UG18-52) trees. The arrows represent significantly higher ( ) or lower ( ) concentrations late in the rainy season (April 2011) compared with the end of the dry season (September 2010). In each case, the number of arrows expresses the intensity of the difference between the two dates (relative variation lower or higher than 100%). The levels of significance are indicated: ns, non-significant; *P < 0.05; **P < 0.01; and ***P < 0.001 (n = 6). FR: fine roots (<2 mm diameter), MR: medium roots (2-10 mm), CR: coarse roots (>10mm), CB: coarse branches (>20 mm diameter), MB: medium branches (5-20 mm diameter), FB: fine branches (<5 mm), BL: leaves at the bottom of the crown, ML: leaves in the middle part of the crown, TL: leaves at the top of the crown.
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the authors found a decrease in leaf N, and especially leaf soluble proteins, in old leaves during spring growth. In our case, N from older leaves was not immediately reinvested because leaf initiation has not yet resumed during the dry season.
The high leaf N concentrations we recorded in April, driven by high non-structural N concentrations, reflected a higher proportion of young leaves in the canopy of Eucalyptus trees at the end of the rainy season. Leaf N concentrations are commonly high at the beginning of leaf expansion, then decrease (by dilution, i.e., mass gain) to a steady state at full leaf expansion, as previously described for Eucalyptus sp. (Fife et al. 2008 ) and other evergreen woody species such as Quercus glauca Thunb (Koyama et al. 2008) . These authors found that higher leaf N concentrations coincided with a higher non-structural N fraction, which probably reflected high N investment in leaf metabolism related to carbon acquisition (light harvesting pigments and Calvin cycle proteins), which is needed to support the high leaf photosynthetic capacity of fast-growing eucalypts (light-saturated net CO 2 assimilation can reach rates up to 30 µmol m −2 s −1 for E. grandis, Battie-Laclau et al. 2014) . In contrast, significantly more of the remaining leaf N was found in the structural fraction at the end of the dry season.
The stable structural N concentrations (0.63%) found in our study are in agreement with the N concentrations we found in the litterfall in the same stand (0.56%, Koutika et al. 2014 ). The fraction of N invested in structural compounds at the end of the dry season (60% of total N) is consistent with values reported for Picea abies Seasonal changes in N partitioning to structural (dark grey) and to non-structural (light grey) fractions in the different organs of Eucalyptus trees. The statistical difference between the two dates for the regression parameters and for partitioning are indicated (*P < 0.05, **P < 0.01 and ***P < 0.001).
Tree Physiology Online at http://www.treephys.oxfordjournals.org needles (>54% of total N, Merilo et al. 2009 ) and for the leaves of young Eucalyptus species grown in a greenhouse, where cell wall N concentrations were about 0.6 times that of leaf N concentrations (Harrison et al. 2009 ).
Stem wood as the main storage location for transient N in eucalypts
We observed strong seasonal fluctuations in stem wood N concentrations between the dry and the rainy seasons, which were associated with a marked change in N partitioning between nonstructural and structural N. Stem wood, which contributes to about 60% of the total tree biomass, accumulated high amounts of non-structural N at the end of the dry season, and most of this non-structural N is remobilized during the following growing season. We observed similar seasonal patterns of total and nonstructural N concentrations in coarse branches, coarse roots and stem bark, but they contributed less to the whole-tree nonstructural N budget than did stem wood. The higher the stem wood biomass the more important was its capacity to store nonstructural N at the end of the dry season. Even so, whatever the tree size and the amount of non-structural N stored in the stem wood, this N was almost fully exhausted by the end of the growing season, in agreement with the hypothesis that N remobilization is source-driven rather than sink-driven (Millard and Grelet 2010) .
While leaf senescence and N allocation to storage in temperate trees species in autumn are mainly triggered by the reduction in daylight length (Coleman et al. 1991 , 1993 , Andersson et al. 2004 , Keskitalo et al. 2005 and/or by a decrease in temperature (van Cleve and Apel 1993), little is known about the mechanisms occurring in tropical trees. Similarly, while vegetative storage proteins and free amino acids are the major forms of non-structural N stored over winter in perennial organs after N resorption from senescing tissues in temperate deciduous trees (Stepien et al. 1994, Cooke and Weih 2005) , little is known about the form of non-structural N that accumulates during the dry season in tropical eucalypts, and what allows seasonal N recycling to occur. In northern Australia, Schmidt and Stewart (1998) found that arginine was the main N-containing compound in the xylem sap of three tropical eucalypt species during the dry season, but no vegetative storage proteins were found in the bark.
From our data, the contribution of non-structural N resorption from the foliage during the dry season only accounted for less than one-third of the excess non-structural N that was found in the stem wood at the end of the dry season. This highlights that N uptake from the soil remains an important source of N even during the dry season. Previous studies have shown that fine root elongation (Thongo M'Bou et al. 2008) and net N mineralization (Nzila et al. 2002 , Tchichelle et al. 2016 ) decreased during the dry season, but was not completely stopped. In addition, the dense root mat in the forest floor (Laclau et al. 2001 ) and the mycorrhizal status of fine roots (A. Robin, personal communication) may allow organic N to be directly transferred from decomposing litter (Turnbull et al. 1995) . Thus, stem wood is acting as a passive buffer in tropical eucalypt trees during the dry season when N supply by root absorption and leaf resorption exceeds N demand.
Conclusion
Resorption of non-structural N from ageing leaves during the dry season and remobilization of non-structural N from stem wood during the rainy season indicate efficient internal N crecycling, which may be an important determinant for the growth potential of eucalypts on N-poor soils such as in Coastal Congo. A sustainable management of fast-growing tree plantations requires that the export of nutrients off-site is limited during harvests. Harvesting eucalypts at the end of the rainy season when the stem wood is almost fully depleted in nonstructural N should therefore be recommended in sites where soil N is limiting growth.
